The structure and vibrational frequencies of styrene and trans-␤-methyl styrene in the lowest three singlet states ͑S 0 , S 1 , and S 2 ͒ have been calculated using ab initio quantum chemical methods. The frequencies are compared with experimental data obtained in the bulk and in a supersonic jet. The calculation shows that in the ground state the molecules have a broad shallow potential as a function of the torsional angle, are essentially planar, but may be slightly bent. In the S 1 and S 2 states, the molecules are planar; In S 1 , the main structural change is in the aromatic ring, that is somewhat expanded. In S 2 , the CvC vinyl double bond elongates, while the C1-C␣ single bond becomes shorter, bringing these two bonds to almost equal length. Correlation diagrams connecting ground state vibrational modes with ones belonging to electronically excited states are given; they show that for many out-of-plane modes the vibrational frequencies decrease upon electronic excitation. This is accounted for in terms of the changes in the electron distribution taking place upon optical excitation that result in decreasing the force constants characterizing these vibrations. The frequencies of most in-plane modes change very little, but mixing between S 0 modes is indicated in some cases, and a few vibrations, among them a Kekulé-type mode, undergo considerable change. The relation to the spectroscopy of the corresponding transitions in benzene is briefly discussed.
I. INTRODUCTION
Ab initio quantum chemical ͑QC͒ methods are increasingly being used to calculate the properties of molecules in their electronically excited states. Self-consistent field ͑SCF͒ methods are widely used to study the electronic ground state potential surface, but their application to excited states is hampered by the fact that the wave function tends to converge to ground state geometry in the energy optimization process ͑see, e.g., Ref. 1͒. Several schemes have been recently developed to allow approximate solutions to the problem. Robb and co-workers have used the complete active space SCF ͑CASSCF͒ method to calculate the properties of electronically excited benzene 2 and other molecules. Pople and co-workers 3 propose the configuration interaction singles ͑CIS͒ as a viable means for electronically excited states calculations. In this approximation the excited state wave functions are written as a linear combination of all possible singly excited configurations. In contrast to CASSCF, which is computationally expensive, the CIS method is relatively simple and may be applied more easily using large basis sets. It has been used to calculate the properties of molecules such as ethylene, 4 butadiene and bicyclobutane, 5 hexatriene, 6 benzene, 7 and others. Double and triple excitation ͓imple-mented in various configuration interaction schemes such as QICSD and QICSD͑T͔͒ have been used to improve the accuracy of the computations, 8, 9 but they become very computationally expensive when applied to large molecules, and at the moment do not seem to be feasible for conveniently treating molecules as large as styrene.
High resolution fluorescence excitation and resonant enhanced multiphoton ionization ͑REMPI͒ have been used over the last 20 years to obtain detailed information on the vibrational structure of electronically excited states of many molecules in a supersonic jet environment. The extreme cooling made possible by this method essentially eliminates hot bands from the fluorescence ͑or MPI͒ excitation spectrum, simplifying the analysis considerably. Another low temperature method that is widely used-matrix isolation spectroscopy-also provides a wealth of information on the vibronic structure of electronic transitions of large molecules.
The calculation of vibrational frequencies traditionally relies on consistent force field methods, 10 using empirically optimized parameters. Application of these methods to electronically excited states requires the development of a suitable set of parameters, a task that has yet to be accomplished. Many vibronic structure analyses rely on comparisons with the ground state's frequencies and the usual spectroscopic methods such as isotopic substitution.
Ab initio QC methods are being increasingly used to calculate the vibrational modes of polyatomic molecules in the ground electronic, the required programs being commercially available ͑e.g., Gaussian, Ref. 11͒. For electronically excited states, only a few examples of ab initio vibrational analysis are available ͑see Ref. 12 and references therein͒ and a more commonly used approach utilizes semiempirical methods. The latter are open to criticism, since they require the use of parameters that are often derived from, and optimized for, ground state properties. Recently, we presented an analysis of the vibronic structure of the S 0 ↔S 1 transition of anthracene. 12 In that case it turned out that a single configuration was sufficient to account for many properties of the features of the S 1 state; in particular, the calculated vibrational frequencies were found to be in very good agreement with the experimental ones. In contrast, it has been shown that for the S 1 state of other molecules such as benzene or naphthalene, several configurations are required.
In this paper we present an ab initio study of styrene ͑STY͒ and of trans-␤-methyl styrene ͑BMS͒, whose fluorescence excitation and emission spectra have been recently recorded in our laboratory. 14, 15 The low lying electronic states of styrene, which is the simplest molecule containing both an aromatic ring and a double bond, have been extensively studied experimentally 16 -20 and theoretically. [21] [22] [23] [24] [25] Experimental data based primarily on UV spectroscopy indicate that the molecule is planar in both the ground and the first electronically excited singlet states. The small dipole moment of styrene made the measurement of the microwave spectrum extremely difficult. It was first reported in 1988, 20 using a pulsed Fourier transform spectrometer. The planarity of the molecular structure of styrene was conclusively established, and a structure, based on ab initio calculations, 21 was found to be compatible with the measured rotational constants.
Considerable effort has been invested in elucidating the correct form of the torsional potential around the C1-C␣ bond ͑see Fig. 1 for notation͒. It is now accepted that this potential is very shallow in S 0 , and much steeper in S 1 ; Hollas and co-workers have given a complete analysis of the emission spectrum, and fitted the data to an empirical potential of the form V()ϭ⌺ i (V i /2)͑1Ϫcos n͒ ͑n runs over even integers only͒. The contribution of the nϭ4 term was found to be significant, and the potential is essentially flat in the Ϫ20°ϽϽ20°range. 16 A recent similar analysis for BMS shows that in fact a small barrier exists in this molecule at ϭ0°, so that this molecule is slightly twisted in the ground electronic state. 26 The dipole moment of the S 0 →S 1 transition in styrene lies in the molecular plane and is long axis polarized 27 in contrast with the short axis polarization of many other substituted benzenes. All observed vibronic bands are of aЈ symmetry in C s ͑in plane͒, and the vibronic intensity distribution is essentially determined by the Franck-Condon overlap factors. Therefore, the out-of-plane modes ͑aЉ in C s symmetry͒ are observed only in even combination bands. Hollas and co-workers 18, 19, 28 reported considerable Duschinsky mixing between the two lowest frequency out-of-plane modes 41 Љ and 42 Љ . 29 They found that in S 1 there is a large increase in mode 42 frequency as compared to the ground state, and a large decrease in 41 and assigned a frequency interval of 186 cm Ϫ1 to the former ͑as compared to 38 cm Ϫ1 in the ground state͒ and of 97 cm Ϫ1 to the latter ͑199 cm Ϫ1 in S 0 ͒. Hemley et al., 22, 23 based on a PPP calculation, reversed the assignment.
Many theoretical calculations of the structure of styrene in both S 0 and S 1 states have been published. The ground state was invariably found to be bent, with an equilibrium torsional angle of 15°-20°. 24, 25, 30 Head-Gordon and Pople 24 found that the torsion barrier is very small ͑0.04 kcal/mol͒ at the HF/6-31G* level of theory, and increased to 0.21 kcal/ mol at a higher level ͑MP2/6-311G**//HF/6-31G*͒. All calculations agree that the torsional potential is very flat, 25 and that the molecule is essentially planar in the ground state. In the excited state, the molecule was found to be strictly planar by both semiempirical 22, 23 and ab initio calculations 31,32 with a fairly deep well in the torsional degree of freedom. In this paper we present an ab initio calculation of the vibrational levels of styrene, some of its isotopomers, and BMS in the ground state, obtaining very good agreement with experimental results. The calculation was extended to the first and second excited singlet states, S 1 and S 2 , in the case of styrene and of BMS. The latter molecule was studied in order to assign the jet cooled fluorescence excitation and emission spectra reported in the companion paper. 15 The structures of these molecules and the atom numbering convention are shown in Fig. 1 .
The excited states were studied using the configuration interaction singles ͑CIS͒ method, 3 with full optimization of the geometry. Hemley et al. 22, 23 showed that there is only a small contribution from doubly excited configurations to the wave functions of S 0 and S 2 in their PPP and complete neglect of differential overlap ͑CNDO͒ studies of the molecule. For S 1 , two singly excited configurations were found to contribute significantly, and in addition, a small but nonnegligible contribution of two doubly excited configurations was required to reproduce the correct level ordering and the small oscillator strength of the S 1 ↔S 0 transition. Starting with the computationally convenient CIS method, we show in this paper that the vibrational levels of the S 1 and S 2 states can be reasonably well calculated, and that the changes in vibrational mode frequencies can be related to the electronic structure of the excited states.
II. COMPUTATIONAL DETAILS
Calculations were performed using the GAUSSIAN 92 program package, 11 run on a Silicon Graphics Indigo R4000/ 48MB/2GBHD work station. The ground state ͑S 0 ͒ calculations were performed at the HF/4-31G level of theory, while for S 1 and S 2 we used the configuration interaction singles ͑CIS͒ procedure, 3 also using the 4-31G basis set. 33 In this procedure, all singly excited configurations are considered, and it turned out that for both molecules the dominant contribution in the case of S 2 comes from the configuration due to the highest occupied molecular orbital ͑HOMO͒ to lowest unoccupied molecular orbital ͑LUMO͒ excitation. For the S 1 state, the main contribution comes from two configurations, arising from a single electron excitation from the HOMOϪ1 orbital to the LUMO one, and from the HOMO to the LUMOϩ1. As shown in previous ab initio 31 and semiempirical calculations, 22, 23 singly excited configurations alone do not reproduce the correct excited states level order, while the addition of doubly excited configurations sufficed to reconstruct it. Upon applying a MP2 correction to the CIS/4-31G calculation, we found that the correct level ordering was obtained, as judged by the magnitude of the oscillator strengths for the S 0 to S i transitions. The vibrational calculations ͑nor-mal modes shapes, force constants and frequencies͒ were performed at the HF and CIS levels, respectively, for the ground and excited states.
In all computations, no constraints were imposed on the geometry of the molecule. Full geometrical optimization was performed for each state, and the attainment of the energy minimum was verified by calculating the vibrational frequencies ͑no imaginary values͒. The vibrational frequencies, at the harmonic approximation, were obtained by computing the Hessian matrix. The required second derivatives of the potential were calculated analytically for S 0 , and numerically for S 1 and S 2 . All frequencies quoted below were obtained from the computed ones by multiplying with appropriate scaling factors. 34 The same factors ͑0.89 for the in-plane, and 0.85 for the out-of-plane modes͒ were used for all electronic states.
III. RESULTS

A. Styrene
The torsional potential well in S 0 was found to be very shallow for styrene, and the exact location of the minimum depended sensitively on many different coordinates. We assume, along with previous workers, 24, 25 that the small deviation from planarity is due to a computational deficiency. For the calculation of all vibrational frequencies, a well-defined energy minimum is required. A minimum was located for a torsional angle of 10.5°͑namely, a small deviation from planarity͒ and the remaining hump in the planar conformation ͑ϭ0°͒ is small ͑ϳ20 cm Ϫ1 ͒. Therefore, the calculated frequencies are likely to be close to the ones that would have been obtained for the true planar minimum, with possible deviations for the lowest out-of-plane vibrations. The frequency of the torsional mode 42 Љ , obtained in this manner, was found to be about 2 cm
Ϫ1
. Experimentally, the potential for this mode is known to be extremely anharmonic, 16 and we did not make an extended effort to optimize the motion along the corresponding normal mode. The main emphasis in this work is directed at understanding properties of the electronically excited states, which were not studied before by an ab initio method, such as the vibrational frequencies.
In contrast with the case of S 0 , the S 1 and S 2 states were found to be strictly planar, with a well-defined minimum along the torsional coordinate. The calculated C-C bond lengths and torsional angles of the ground, the S 1 and the S 2 states are shown in Fig. 2 ͑the C-H bond lengths and the valence angles are practically unchanged upon excitation; they are available from the authors on request͒. The most significant change in S 1 is the expansion of the aromatic ring; in addition, the C␣-C␤ bond is slightly lengthened and the C1-C␣ bond shortens a little. In S 2 the geometrical changes are more extensive: the C␣-C␤, C1-C2, C1-C6, and C4-C5 bonds are lengthened, while the C1-C␣ bond concomitantly shortens resulting in considerable stiffening of the C1-C␣-C␤ structure. The aromatic character of the ring is considerably reduced in this state, since the C-C bond lengths are not equal to each other as in the ground state.
Within the CIS/4-31G approximation, the main contribution to the S 1 electronic state is from two configurations: the one arising from a single electron transfer from the HOMOϪ1 to the LUMO orbital ͑27→29͒, and the one arising from the 28→30 excitation ͑HOMO to LUMOϩ1͒. These two configurations contribute about equally to the excited state, and together represent ϳ50% of the total probability. The oscillator strength calculated for the S 0 →S 1 transition was 0.0038 compared to the estimated experimental value of 0.002. 23 However, the energy of this state was found to be higher than that of the S 2 state ͑mainly HOMO→LUMO excitation, see the next paragraph͒ by about 0.25 eV. As discussed in Ref. 3 , the second-order perturbation correction ͑MP2͒ to the energy involves summation over matrix elements between the zeroth-order state ͑ob-tained by the CIS method͒ and doubly substituted determinants from this state. This implies that it should involve double and triple excitation from the ground state. Therefore, the MP2 treatment provides an approximate way of assessing the contribution of double and triple excitation configurations to the electronically excited state. Upon running this calculation, the correct order was obtained, and the S 1 state lies about 0.8 eV lower than the next one ͑the experimental separation is about 0.57 eV͒.
Summarizing, the transition involves primarily the partial excitation of an electron from the HOMOϪ1 orbital to orbital the LUMO one, and of an electron from the HOMO orbital to the LUMOϩ1 orbital, leading to a long axis polarized transition moment. In the CIS calculation, the coefficients of these two components are almost equal, but of opposite signs ͑0.49 and Ϫ0.46, respectively͒. Since these terms make opposite contributions to the S 0 ↔S 1 transition moment, the net result is a small oscillator strength, in accord with previous workers. 22, 31 These transitions lead to population of antibonding orbitals, mainly in the aromatic ring part of the molecule, and therefore result in expansion of the benzene ring and contraction of the C1-C␣ bond. The C␣-C␤ bond is only very slightly elongated ͑cf. Fig. 2͒ . We conclude that the CIS-MP2/4-31G calculation of the S 1 state provides a reasonable approximation for the properties of the state.
The main contribution to the S 2 electronic state is due to the configuration arising from a single electron transfer from the HOMO to the LUMO orbital ͑28→29͒. A small ͑ϳ5%͒ contribution was calculated for the configuration arising from 27→30 excitation. The minimum to minimum energy gap between S 0 and S 2 was calculated to be 5.1647 eV, as compared to the experimental value of ϳ4.80 eV. 35 Taking the zero-point energies into account ͑see below for the calculated vibrational frequencies͒, we obtain an expected 0,0 transition at 5.05 eV. The discrepancy is reasonable for this level of calculation ͑CIS/4-31G͒. The calculated oscillator strength is 0.55, compared to an estimated experimental value of 0.24, 23 which may involve some contribution from the S 0 →S 3 transition.
The vibrational frequencies of styrene in the S 0 state
The normal mode frequencies were calculated for several isotopomers of styrene, as summarized in Table I , along with the experimental values. 29 We have used the work of Refs. 28 and 37 as the source for experimental data and find very good agreement between our calculated values and the experimental ones, upon using a uniform 0.89 scaling factor for in-plane vibrations, and 0.85 for out-of-plane ones. The order of the calculated frequencies agrees with the experimental ones in all cases, except for an interchange between the vinyl 30 Љ and the ring 31 Љ modes, which are of very similar values both experimentally and computationally. It is seen that the calculation reproduces nicely the observed isotope effects and in fact resolves some remaining difficulties mentioned in the literature. For instance, the 14 Ϫ1 was apparently dismissed in favor of the weaker 571 cm Ϫ1 one, since the deuterium shift and IR intensities were considered to be too large when compared to the protonated analogs. However, the calculation actually predicts an even larger frequency shift ͑to 497 cm Ϫ1 ͒, and a fairly large IR intensity enhancement ͑18.2 vs 0.25 km/mol for STY-H 8 ͒. It is thus proposed to adopt the 517 cm Ϫ1 assignment for the 38 Љ fundamental, and assign the weak 571 cm Ϫ1 band to a combination band, possibly
The vibrational frequencies of styrene in the S 1 and S 2 states
The calculated frequencies of styrene in the S 1 and S 2 electronic states are listed in Table II , along with available experimental values and the results of the only previous theoretical calculation ͑Ref. 22, PPP level͒. The computed results are listed in a descending order of the frequencies; It is more instructive to use the ground state designation for vibrational modes having the same character, even if a different frequency order is found in the excited state. Unfortunately, the available experimental data for S 1 frequencies are not as extensive as for S 0 and the experimental assignments are not as certain. Strong Duschinsky mixing was proposed for some modes, indicating that a given excited state mode may correlate with more than a single S 0 one. This point was discussed extensively by Hemley and co-workers 22 vis-a-vis the experimental analysis of Hollas and co-workers. 16, 18 The calculations indicated considerable changes in the force constants and reduced mass of some vibrational modes, possibly leading to a qualitative change in the character of certain normal modes. Therefore, it was deemed necessary to establish the correlation between S 0 and the excited states' modes. This was done by considering parameters provided by the calculation: the symmetry, force constants, and reduced masses of each mode, but mostly the detailed description of each normal mode in terms of the individual motion of atoms. Figure 3 shows the correlation diagram obtained. It is seen that on the transition from S 0 to S 1 , most of the aЈ ͑in-plane͒ modes appear not to change their frequency appreciably; among the out-of-plane ones, many ring modes show a considerable frequency decrease, while the 30 , 33 , and 38 , which are predominantly vinyl-type ones are changed to a much smaller extent.
Although a cursory inspection of Fig. 3 indicates a 1:1 correlation between the vibrational modes of styrene in S 0 -stretch, ␣-in plane ring angle bend, ␤-in-plane bend, ␥-out-of-plane bend, -torsion or twist, X-sens-a vibration sensitive to the substituent. Symbols in square brackets are according to Whiffen's classification ͑Ref. 36͒ of benzene substituted compounds. c The scaling factor for in-plane modes is 0.89, for out-of-plane modes, 0.85. and S 1 ͑or S 2 ͒ in many cases, a closer inspection shows that in fact, for many S 1 and S 2 vibrational modes, atom displacements may be considered as containing contributions from more than one S 0 mode. It is found that except for strongly localized modes, such as the CH stretch ones, many modes change their form somewhat upon excitation. The fact that a mode is shown to correlate with a single excited state mode means that the excited state mode should be understood as indicating that this mode has predominantly, but not exclusively, the same vector displacements as that of the ground state mode. An illustration of a mode mixing example is given in Fig. 4 ; the displacement vectors of the 11 mode of S 1 and 9 mode of S 2 are seen to be a combination of the CvC vinyl stretch 9 mode and the ring CC stretch 10 of S 0 . In a similar way, the out-of-plane S 0 ring modes 35 Љ , 36 Љ , and 37 Љ are mixed on excitation to S 1 with the largely vinyl mode 38 Љ to produce the corresponding excited state modes, in which the ring or vinyl characters are decidedly less pronounced. Strong mixing is calculated also for the 41 Љ and 42 Љ upon transition to S 2 . Table III lists the calculated frequencies, reduced masses, and force constants of vibrational modes that appear to change significantly their character on electronic excitation to S 1 . The listing takes into account the correlations, so that the numbering system ͑in-creasing frequency with decreasing mode number͒ holds only for the S 0 modes. , respectively͒. Experimentally, the order is reversed ͑985 as compared to 992 cm Ϫ1 ͒. We used the numbering order as determined by the experimental determination, for consistency with previous papers. Not much experimental information is available for S 2 modes; only two frequencies were reported-at 248 and 1573 cm Ϫ1 . 35 Nonetheless, it is instructive to consider the trends expected according to the calculation. As Fig. 3 shows, for some high frequency skeletal modes, a considerable frequency decrease is calculated. A notable example is the 9 mode, which in the ground state is almost exclusively a CvC stretch mode; in the excited state there is no equivalent normal mode, as shown in Fig. 4 . A similar, but less pronounced change is found for S 1 .
Mode crossing often takes place upon electronic excitation for both in-plane and out-of-plane modes. One example is the ring modes 32 ͑at 980 cm Ϫ1 in S 0 ͒ correlates with the 799 cm Ϫ1 mode in S 1 , a significant frequency decrease, while the primarily vinyl mode 33 ͑at 943 cm Ϫ1 in S 0 ͒ correlates with the 900 cm Ϫ1 mode in S 1 . The 32Ј mode is thus found at a lower energy in S 1 than the 33Ј one. Likewise, the CH in-plane bending mode ͑ 23 ͒ in S 0 has a higher frequency than the ring deformation mode ͑ 24 ͒, and the order is reversed in S 2 .
As seen from Fig. 5 , the out-of-plane low frequency vibration ( 42 Љ ), is essentially a C1-C␣ torsional mode in S 0 .
In S 2 , the lowest frequency mode is seen to have a different character-it involves almost exclusively out-of-plane bending motion of the whole molecular skeleton ͑ringϩvinyl͒.
The 41 Љ mode in S 0 , is a combined torsion-bending motion, while in S 2 it is practically identical in form to the 42 Љ mode in S 0 . In S 1 , the calculation does not indicate extensive mode mixing. According to the currently prevailing interpretation it is large enough to be measurable, and is expressed by the experimentally observed Duschinsky mixing.
16,18
B. Trans-␤-methylstyrene (BMS)
The general pattern found for styrene was repeated with this molecule as well. The S 1 and S 2 states were found to be strictly planar, while for the ground state a very broad and shallow potential well for the torsional potential around the C1-C␣ bond was found, with a small hump at the planar configuration. This hump may be due to a lingering computational artifact, although a recent study 26 indicates a small local maximum for the planar form. The main configurations forming the S 1 and S 2 states are analogous to those found for styrene itself: the S 2 state arises primarily from a HOMO-LUMO transition and is calculated at 5.027 eV ͑4.90 eV including zero-point energy͒ above the ground state. The experimental 0,0 band is at about 4.7 eV. 35 The S 1 state arises primarily from two singly excited configurations, HOMOϪ1 to LUMO and HOMO to LUMOϩ1 and is found to be at a higher energy than S 2 , unless the MP2 correction is applied, restoring the correct order. Figure 6 shows that the main structural changes are very similar to those found for styrene itself ͑cf. Fig. 2͒ . In-plane frequencies scaled by 0.89, out-of-plane frequencies by 0.85. c Reduced masses and force constants are reported as calculated ͑no scaling applied͒.
The frequencies of BMS in the S 0 , S 1 , and S 2 states
The calculated frequencies of BMS in the three electronic states are listed in Table IV , along with some experimental values. The correlation between the ground and excited states modes was determined, as in the case of styrene, by considering the symmetry, force constants, reduced masses, and atomic displacements of each vibration and is shown in Fig. 7 . The main patterns observed for styrene were repeated: a large number of modes were not appreciably changed upon electronic excitation and could be correlated in a 1:1 manner with S 0 modes. Methyl group modes, such as 14 , 16 , 35 , 36 , and 37 , remain largely unchanged upon excitation. As in the case of styrene, for many aЉ ring modes a decrease in frequency due primarily to the reduced force constants was revealed for S 1 . Table V lists the frequencies, reduced masses, and force constants for the S 0 and S 1 vibrational modes that undergo considerable change upon electronic excitation.. The detailed structure of the mode must be considered in the analysis, and the atomic displacement vectors are of prime help. As an example, it is noticed that a 735 cm Ϫ1 frequency was calculated for out-of-plane modes in both states, and that the two modes were found to have essentially the same reduced masses and force constants. Yet, the S 0 one is an f -type 36 mode, while the S 1 mode is an i-type one, and correlates with the S 0 mode calculated at 923 cm
Ϫ1
.
IV. DISCUSSION
A. Comparison with previous work
The calculated properties of the ground state of styrene compare well with those of previous workers; 21, 24, 25, 30 It appears that the 4-31G basis set used by us leads to essentially the same results as those obtained with larger ones, such as 6-31G 21 or even 6-311G**. 24 Table VI shows that the calculated moments of inertia and dipole moments of styrene agree reasonably well with available experimental information. This encourages us to believe that the results obtained for BMS are useful for analysis of experimental data as well, and the calculated values of these parameters for BMS, for which experimental data are yet to be obtained, are also shown in Table VI . Table I , that lists the calculated frequencies for several isotopomers of styrene, shows that they agree quite well with experimental values. The only exception is the low frequency 42 Љ torsional mode, which previous ab initio calculations have also found to elude proper calculation.
The main novelty in this paper is the use of the CIS method to calculate and analyze the properties of the electronically excited states. The S 1 and S 2 states' geometries obtained in this work are similar to those calculated by the extended PPP-CI and CNDO/S-CI semiempirical method. 22, 23 The oscillator strength found for the S 0 →S 1 transition is in better agreement with experiment than the semiempirical result. However, the principal efforts were directed at the calculation of the vibrational frequencies of the excited singlet states and correlating them with ground state ones.
Inspection of Table II shows that our calculated frequencies for styrene in S 1 are in reasonable agreement with previous experimental assignments for in-plane modes ͑though a few reassignments needed to be done͒, but that the two lowest out-of-plane vibrational frequencies differ considerably from published assignments. The 42 . These results led us to reinspect some excitation and emission spectra of styrene, and to run a few on our jet apparatus. 39 The calculation suggests a possible reassignment of some of the bands in the excitation spectrum of Ref. 42 , as shown in Table VII . Some lines in previously reported emission spectra of styrene need to be reassigned if the calculation is correct. For instance, the hot band appearing at 0 0 ϩ59 cm
Ϫ1
, which was assigned 17 as 41 0 1 42 1 0 , is now proposed to be due to 42 1 3 , and the emission bands redshifted by 102, 161, and 217 cm Ϫ1 from the excitation frequency, are assigned to 42 3 These reinterpretations, intriguing as they are, must be regarded as tentative at best at this point. The accuracy of the calculation of low frequency torsional modes such as 42 in electronically excited states cannot be properly estimated at this stage, as we and others found even in the case of the ground state ͑S 0 ͒. We have used a limited basis set, and the effect of diffusion functions, which may be important for a proper description of the excited states vibrational modes, has not been checked. The computational effort involved in using a larger basis set is much larger than needed for the present work, and its execution was not attempted. It is therefore premature to conclude that mode mixing is really absent for the two low lying out-of-plane modes of styrene.
Nonetheless, it is interesting to note that an assignment of the vibronic structure of the S 0 ↔S 1 spectrum is possible, assuming that the S 1 calculation is correct. In that case, each mode maintains its character, and the 42 
B. Correlation between the changes in electronic charge distribution and vibrational motions
The S 0 →S 1 electronic excitation affects mostly the aromatic ring, while the main effect of the S 0 →S 2 transition, is the transfer of an electron from the HOMO orbital, to the LUMO * one, affecting the whole electron structure. This results in considerable weakening of several double bonds, primarily the vinyl one and the C1-C6, C1-C2, and C4-C5 ring ones, and to strengthening of the C1-C␣ one. These changes are expected to affect the nature of several group frequencies in the vicinity of the relevant bonds, mainly the in-plane ones. In addition, the excitation involves the transfer of an electron from a orbital to a * one, leading to reduction of the electron density due to the more ''inflated'' character of the * orbitals compared to the ones. This is expected to reduce the force constant ͑and thus the frequency͒ of some out-of-plane vibrations. It turns out that these expectations are largely borne out by experiment, as detailed in the next two subsections.
The vibrational modes of monosubstituted benzenes are often discussed in terms of Wilson's classification 37 using Whiffen's notations. 36 This classification was found to be useful also in the construction of the diagrams correlating FIG. 7 . The correlation between normal modes of BMS in S 0 , S 1 , and S 2 ͑excluding CH stretch modes͒, as found in the calculations. The meaning of the symbols is as in Fig. 3 . . In many cases, an approximate one to one correlation could satisfactorily account for the properties of the S 1 and S 2 states vibrational modes with those of S 0 . This conclusion was reached by considering the calculated force constants, reduced mass, and mostly the individual atom displacements of each mode. Since vibrational frequencies reflect the properties of the potential surface near the minimum position, this result must be interpreted as indicating that the potential surface remains relatively unchanged along many coordinates upon electronic excitation. It is also in line with the rather small overall calculated geometry changes incurred upon excitation. However, the approximate nature of this simple correlation must be emphasized, and a certain degree of mode mixing, namely a non-negligible contribution of more than one S 0 mode to an excited state mode, is a common occurrence. As shown in Figs. 3 and 8 , several ''crossings'' take place, in which the calculated frequency for a given mode is lower than that of other mode͑s͒ in S 1 or S 2 although it is higher in S 0 . In most of these cases, the modes involved are coupled to a certain extent. In particular, it was found that while in the ground state, vibrational modes could often be assigned as primarily ''ring'' or ''vinyl'' modes, in the excited states many modes included contribution from both groups. This was discussed vis-a-vis the 9 mode of styrene ͑Fig. 4͒, and is apparent, for instance, also for the S 0 vinyl mode 14 that mixes strongly with the ring 13 mode upon excitation to S 2 ͑Fig. 3͒.
Examination of S 2 modes provides another example of ground state modes that cannot be readily related to excited state's ones after all others have been paired is that of the 9 Љ ͑vinyl͒ and 11 Љ modes ͑l-type͒ of S 0 . The former may be related with some difficulty to both 1590 and 1508 cm Ϫ1 modes ͑ 9 and 10 in S 2 ͒ and the latter with the much lower frequency 9 mode of S 2 at 1373 cm
Ϫ1
. However, the 1590 cm Ϫ1 mode is much better correlated with the 10 Љ mode, and it may be concluded that these two high frequency modes of S 0 have no proper match in S 2 .
In-plane vibrations
The correlation diagrams are a powerful qualitative tool to point out one to one correlations between ground and excited state modes, and mode mixing. In addition, they provide an opportunity to consider the few cases that do not fit with either description. As an example, consider the styrene 1607 cm Ϫ1 mode in S 1 ͑in this section all numerical values refer to the calculated quantities͒. It could not be properly correlated with any S 0 mode; in other words, after all modes were correlated, it remained unmatched with any ground state normal mode. Inspection of its vector displacements shows that it is an essentially Kekulé ring carbon atom distortion mode ͑Fig. 8͒, combined with a vinyl CvC stretch. Its force constant and reduced mass are calculated to be very large by comparison to all other modes ͑see Table III͒. The S 0 mode that remains unpaired is the nominally o-type one at 1227 cm Ϫ1 , 17 Љ , also shown in the Fig. 8 . It is clear from the drawing that, as discussed in Sec. III A 1, this mode involves a Kekulé-type distortion in which both C and H atoms participate. Figure 8 shows also the nominally e-type modes in the two electronic states: the 15 Љ at 1353, involving primarily ring hydrogen atom breathing ͑together with some vinyl hydrogen motion͒ and the 16 Ј one at 1330 cm
Ϫ1
, which is calculated to have very nearly the same shape, reduced mass, and force constant. By comparison, Fig. 8 displays the nominally vinyl mode ͑ 16 Љ and 17 Ј in S 0 and S 1 , respectively͒, which is seen also to maintain its character on electronic excitation. Similar effects may be seen in the corresponding calculated BMS modes.
The exceptionally large force constant calculated for the 10 Ј mode ͑12 mdyn/Å͒ arises in part from the change from a mixed H and C atom mode in S 0 ( 17 Љ ) to a mode involving almost exclusively carbon atoms motion. However, this appears to be only a partial explanation. As shown by a computation run on benzene, 46 this effect is even more pronounced for the 14 (b 2u ) mode, which is known to undergo a significant frequency increase upon excitation to S 1 ; 43,44 this mode is a Kekulé-type one, which distorts the molecule to a Kekulé form. Inspection of the S 0 ( 17 Љ ) and S 1 ( 10 Ј ) modes ͑Fig. 8͒ shows that the ring carbons undergo this motion in styrene. It is proposed that the large increase in force constant is due to the fact that the electrons in aromatic molecules tend to distort the molecule to a Kekulé form; 45 further discussion of this point is deferred to a separate communication. 46 The S 0 →S 2 transition is different in nature and leads primarily to changes in the vinyl part of the molecule. The nature of two styrene modes, the vinyl CvC stretch ͑ 9 ͒ and the ring 1-type CC stretch ͑ 11 ͒ undergoes a considerable change upon this transition ͑cf. Fig. 3͒ . No single S 2 modes can be correlated with either of these S 0 ones, and the most suitable ones have much lower frequencies, force constants, and reduced masses. A similar change is calculated for the analogous modes of BMS, 10 and 12 ͑cf. Fig. 7͒ . The almost equal frequency k-type mode ͑ 10 in styrene, 11 in BMS͒ is essentially unchanged upon this excitation.
These trends are readily explained in terms of the calculated changes in electronic density: In fact, one can account for them by considering the HOMO-LUMO changes only. The reduction of the double-bond character of the CvC vinyl bond and of the C1-C2, C1-C6, and C4-C5 bonds, is directly reflected in the reduction of the force constants of the associated vibrational mode frequencies. The reduced masses of the normal modes decrease in the excited states, since now the modes are less localized, and involve smaller amplitude motions of more atoms. It is found that these changes are expressed primarily in only two high frequency modes, although, as mentioned above, a small degree of mode mixing is found for many more modes. 
Out-of-plane modes
Another effect of the electronic excitation is the ''swelling'' of the electron charge distribution, which is schematically shown in Fig. 9 . In split valence basis sets, such as 4-31G, two sizes of atomic orbitals are used to construct the molecular orbitals. In particular, the HOMOϪ1, HOMO, LUMO, and LUMOϩ1 molecular orbitals contain two p z -type atomic orbitals. Table VIII lists the coefficients of the ''inner'' and ''outer'' p z orbitals in these molecular orbitals. It is seen that the contribution of the outer orbital increases significantly upon electronic excitation in all the carbon atoms: in the HOMO orbital the coefficients are essentially equal, while in the LUMO one the outer orbital is almost twice as big as that of the inner one. This is a manifestation of a ''dilution'' of charge density normal to the molecular plane that occurs on electronic excitation. Using the split valence basis set helps in clearly visualizing the ''outwards'' displacement of the electrons. This change affects mostly the out-of-plane vibrations, resulting in reduction of the force constants. The physical reason for this appears to be that the highly localized electron density near the molecular plane results in a larger restoring force for out-of-plane motion than the more dispersed electron cloud in the * orbital.
The dilution effect results from the changes in the relative contribution of the inner and outer basis set functions in the HOMO and LUMO orbitals. In order to account for the observed changes in the vibrational frequencies ͑summarized in Tables III and VI and Figs. 3 and 9͒, one must also consider the absolute change in electron density in the different parts of the molecule.
The transition S 0 →S 1 affects mostly the aromatic ring, and indeed large frequency reductions are found for ringcentered modes. It is found that this is often due to a reduction of the force constant, while the reduced mass is relatively unaffected. Examples are the 40 Fig. 3 shows, many aЉ modes in the 600-1000 cm Ϫ1 range in S 0 undergo a 15%-25% frequency reduction in S 1 ; The change can be generally connected with the reduction in force constant, but one notices a rather extensive mode mixing as well.
A further prediction may be made concerning some vibrations of the second excited state; inspection of Fig. 9 shows that the largest electron density in both HOMO and LUMO orbitals is near the carbon atoms 1, 4, and 8 and the smallest, near ring atoms 2, 3, 5, and 6. Consequently, for S 2 vibrations, the dilution effect is expected to be effective mostly in cases where the out-of-plane deformations involve large amplitude motion of atoms C1 and C4 or the hydrogen atoms bonded to them, while modes involving motions near the side carbon atoms ͑C2, C3, C5, and C6͒ are expected to be affected to a lesser extent. One example for this effect involves the 39 and 40 pair of styrene. In S 0 , the w-type mode ͑ 40 ͒ vibrational frequency ͑397 cm
Ϫ1
͒ is lower than that of the x-type one ͑ 39 , 435 cm Ϫ1 ͒, while in the S 2 state, the frequency of the x-type mode is strongly reduced ͑to 283 cm Ϫ1 ͒ due to the dilution effect, while that of the w-type one ͑calculated 380 cm Ϫ1 ͒ is hardly affected, leading to order inversion. It is noted that while the x-type mode force constant is reduced by almost a factor of 4, from 0.42 mdyn/Å in S 0 to 0.12 mdyn/Å in S 2 , that of the w-type one is hardly changed-0.35 in S 0 as compared to 0.32 in S 2 . Inspection of the approximate mode diagrams 36 shows that in the w-type mode the C1 and C4 atoms are practically immobile, while in the x-type mode their amplitude is large. Excitation to S 1 changes the electron density in a different way-here all ring atoms are similarly affected. As a result, the frequencies of both 39 and 40 are reduced by roughly the same proportion.
A similar situation is found for the 30 , 32 pair: in S 0 , the 32 mode is primarily an h-type one, involving mostly side carbon-hydrogen deformation. This motion dominates the h-type 31 mode in S 2 leading to very similar force constants ͑1.10 vs. 1.02 mdyn/Å͒ and frequencies ͑980 and 951 cm Ϫ1 ͒. The 30 in S 0 is primarily a vinyl group CH deformation, as is the 32 in S 2 . Its frequency is reduced since the electron density is large near the C␤ atom. The classification to pure ring versus vinyl modes is, of course, only approximate and in fact the S 2 modes can be correlated to a certain extent to both S 0 modes, but the essential physical effects seem to be accounted for by the qualitative description. This is due to the fact that even in cases of mode coupling, one The first entry for each atom is the coefficient of the inner, and the second entry of the outer, basis set functions.
often finds that the contribution of one of the S 0 modes to the properties of the S 2 one is dominant. In BMS, the dilution effect is much smaller for out-ofplane vibrations that involve primarily a methyl group, and indeed, the 35 , 36 , and 37 mode frequencies of BMS do not change much on electronic excitation.
C. Correlation between styrene and BMS vibrational modes
The effect of replacing a ␤ vinyl hydrogen atom by a methyl group on the normal modes can be determined by inspection of the calculated normal modes' coordinates. Considering the ground state modes, one can clearly distinguish between three types of modes in BMS: those that are essentially unchanged, those that are almost totally located in the methyl group, and mixed modes, in which the methyl group motion is strongly coupled to the rest of the molecule.
The first group is readily recognized by the fact that the methyl atoms are almost stationary. It follows that the reduced mass ͑͒ and the force constants (k) hardly change on the substitution. Attention is drawn in particular the aЈ modes ͑corresponding styrene modes in parentheses͒ 30 34 mdyn/Å and the carbon atoms' amplitude is much larger. The changes upon methyl substitution are slightly larger than in the former case, ϭ2.12 amu and kϭ2.23 mdyn/Å in BMS. The analysis thus shows that the calculated degeneracy is due to a simultaneous similar increase of both and k, leading to an almost identical frequency for the two modes.
The almost pure methyl modes are the in-plane modes ͑in parentheses-frequencies in cm Ϫ1 ͒ 14 Љ ͑1471͒, 16 Љ ͑1413͒, and 24 Љ ͑1092͒ and the out-of-plane mode 36 Љ ͑1400͒, in addition to the three CH stretch modes ͑see Table  IV͒ . The classification of the three 1400 cm Ϫ1 methyl bending modes to aЈ and aЉ representations might appear at first sight as somewhat arbitrary, since the methyl group breaks the C s symmetry. However, inspection of the vector displacements of these modes shows that making these assignments is straightforward; For instance, the 14 , respectively͒, show an almost exclusive methyl motion, in which the ␥ carbon atom is strongly displaced in the molecular plane with respect to the methyl hydrogen atoms, while all other atoms are practically fixed at their equilibrium positions. In the case of the 1400 cm Ϫ1 out-of-plane mode ( 36 Љ ), inspection shows that the ␥ carbon moves perpendicular to the molecular plane, and that except for the methyl hydrogen atoms, all other atoms are immobile.
The relation between BMS and styrene ground state inplane modes is shown in the correlation diagram, Fig. 10 . It is seen that several styrene modes related to the vinyl group can be considered as being split by the substitution into two levels, whose frequency shift with respect to the original vibration is of opposite sign. The lower level largely maintains the vinyl mode character, and the higher frequency one can be considered as a methyl group vibration. Thus, the 553 cm ͒. We conclude this section by noting that in general, the calculation shows a strong correlation between styrene and BMS modes in all three electronic states. Trends found for the changes induced in the nature of vibrational modes of styrene upon electronic excitation are generally found also in BMS. This allows the use of known styrene band assignments to help in making BMS ones, and vice versa. As an FIG. 10 . The correlation between in-plane normal modes of styrene and BMS ͑excluding CH stretch modes͒. Primarily vinyl group modes are marked by a triangle, and primarily methyl group modes by diamonds. The dashed lines show styrene modes that correlate with two or more BMS modes, which often may be considered as a mixed vinyl-methyl modes ͑see the text͒. The letter designation shown uses Whiffen's notation ͑Ref. 36͒ for substituted benzenes.
example we refer again to the o-type vibration, which was found to be mixed with e-type one in S 0 , but became a pure C ring breathing in S 1 . This was accompanied by a large increase in the reduced mass, and more so in the force constant of the mode ͑Table III͒. This trend is repeated for BMS, and the change in the force constant is even more pronounced: in S 1 the frequency of this mode ͑ 11 Ј , 1608 cm Ϫ1 ͒ is calculated to be similar to that of high frequency modes in S 0 , but the force constant is to 19.0 mdyn/Å! ͓By comparison, the force constant for the 10 Ј mode ͑1638 cm Ϫ1 ͒ is 9.8, and that of the S 0 11 Љ one ͑1686 cm Ϫ1 ͒ is 9.8 mdyn/Å͔. The very large force constant indicates a strong tightening of the CC breathing mode notion, and is a unique property of the first excited state. In S 2 the force constant for this motion is quite similar to that of S 0 .
D. In-plane-out-of-plane mode mixing
In some cases, aЈ and aЉ modes appear to be mixed. Thus, one finds considerable out-of-plane activity in the nominally 26 ͒ has a large aЉ contribution, primarily from out of plane vinyl bending. These mixings arise from the fact that the calculation did not reproduce the planar structure of the styrenes in the ground state, so that the symmetry is not strictly C s . In view of the experimental evidence that the torsional potential is very flat in styrene, and that BMS may in fact be a nonplanar molecule, we believe that the in-and out-of-plane vibrations may be coupled in the real molecule, since the low frequency vibrations strongly distort the planarity of the molecule.
E. A note on the intensity of some vibronic transitions in the S 0 ↔S 1 spectrum
In this paper we have often used the notation introduced by Wilson 37 and Whiffen 36 to describe the approximate nature of styrene vibrational modes. Substitution of the benzene ring reduces the symmetry of the molecule, making the S 0 ↔S 1 transition less forbidden. Since the double bond of the vinyl group can in principle interact with the ring p electrons by conjugation, the perturbing effect might be expected to be larger in styrene than in substituted benzenes having no p electrons in the substituting group. Indeed, the 0,0 transition of styrene is redshifted from that of benzene to a much larger extent than those of toluene or ethyl benzene, for instance. However, the S 0 ↔S 1 transition in styrene is still a rather forbidden one, as its small oscillator strength indicates. In benzene, this transition involves an electron transfer from the degenerate e 1g to the degenerate e 2u molecular orbital; the degeneracy is lifted in styrene, but the fact that the S 0 →S 1 is calculated to involve partial electron transfer from the two highest occupied MOs to the two lowest unoccupied ones is a reflection of the similarity to the benzene case. The vibronic intensity analysis of the styrene spectrum has been performed on a Franck-Condon basis in a previous work. 22, 23 It is well known that in benzene the transition is made possible by a Herzberg-Teller coupling mechanism; 47, 48 therefore, one may expect to find evidence for this coupling in some vibronic bands. We have not carried out an intensity analysis in this work and suffice in making a few qualitative comments. The S 0 →S 1 transition in benzene is dominated by the e 2g 6b mode, whose frequency in S 0 is 608 cm Ϫ1 and in S 1 Ϫ522 cm
Ϫ1
. 47 In styrene there is a group of bands between ⌬Eϭ500 and 560 cm Ϫ1 , some of which were assigned 42 to a multiplet arising from the 26 mode ͑calculated 587 cm
, Table II; see Table VII for another possible assignment, also involving this mode͒. We found 39 that the intensity of some of these bands is very sensitive to complexation with rare gas atoms and small molecules in a supersonic jet expansion. The 26 mode is a CC ring breathing mode, similar to the 6b mode of benzene, and this extreme sensitivity to van der Waals forces may reflect Herzberg-Teller activity.
It was stated that the o-type mode appears to undergo a significant frequency change upon electronic excitation. Such changes are usually reflected by a strong FranckCondon activity in the absorption and emission spectra. The weak band observed in the styrene fluorescence spectrum at 1608 cm Ϫ1 ͑Ref. 42͒ may indeed be due to this mode, but its weak intensity appears to be at variance with the expected strong activity. Comparison with benzene may help to resolve this apparent discrepancy: the corresponding mode in benzene is the 14 one, which is symmetry forbidden for any one-photon transition, and indeed is not observed in the usual absorption spectrum of benzene. This mode is, however, clearly observed in the two-photon fluorescence excitation spectrum 43, 44 and in fact is by far the strongest band. An unusually large frequency change is found for this mode, from 1309 cm Ϫ1 in S 0 to 1566 cm Ϫ1 in S 1 ; this large increase is similar to ͑though somewhat smaller than͒ the one calculated by us for the o-type mode of styrene. Our result is in line with a recent ab initio study on benzene, 13 in which a similar increase in the 14 mode was calculated for S 1 . Based on the similarity between styrene and benzene, it is predicted that the 1608 cm Ϫ1 band will be prominent in the two-photon absorption spectrum of styrene.
V. SUMMARY
The energies, geometries, and vibrational frequencies of the three lowest singlet states of styrene and ␤-methylstyrene were calculated using an ab initio method at the CIS-MP2/ 4-31G level of theory. The ground state appears to be slightly nonplanar, while the two excited states are strictly planar. Good agreement with experiment is obtained for the excitation energies as well as for the oscillator strengths of the S 0 →S 1 and S 0 →S 2 transitions. The electric dipole moments of these transition are found to lie along the long axis in the molecular plane, also concurring with experiment.
The first excited singlet arises mostly from an in-ring excitation, the vinyl group being only mildly affected: the double bond maintains its length, while the C1-C␣ one is shortened a bit. In S 2 , the C1-C␣ and C␣-C␤ bonds are almost of the same length, and internal rotation around the bond becomes more hindered, as reflected by a large increase in the torsional frequency.
Most of the calculated vibrational frequencies are found to be in very good agreement with available information. It is therefore concluded that a calculation based on the CIS/4-31G approximation may serve as a good starting point for calculating the vibrational frequencies of styrene derivatives in S 1 . The frequency of the torsional mode ͑ 42 in styrene, 51 in BMS͒, is severely underestimated in the ground state for styrene. This may be related to the fact that the torsional potential in this state is extremely anharmonic, and is very flat for a large range of torsional angles. Interestingly, a fair agreement with experiment is obtained for BMS, for which a nonplanar structure is also calculated. The torsional mode is known to be anharmonic, and the harmonic approximation yields a value close to the experimental vϭ0→vϭ1 transition frequency. The calculation does not reproduce the strong mode mixing effect between the two lowest lying modes ͑ 41 and 42 ͒ claimed to take place in S 1 . 16 A small effect is observed, which appears to become more pronounced in S 2 . This discrepancy may be due to the limited basis set chosen, and a more extensive calculation ͑for instance including diffusion functions͒ may be necessary to reproduce the effect, that proved to lead to a satisfactory assignment of the styrene spectrum.
On the whole, the CIS method appears to be very useful for the vibrational analysis of the S 0 →S 1 fluorescence excitation and emission spectra of styrene, in agreement with a similar work on anthracene. 40 It thus appears that the Franck-Condon region of aromatic molecules may be mapped with reasonable accuracy using this relatively simple configuration interaction variant.
